Although higher red cell distribution width (RDW) has recently been reported to be associated with increased mortality independent of anemia in patients with heart failure and those with coronary artery disease (CAD), the mechanism underlying this association is unknown. We hypothesized that higher RDW may reflect neurohumoral activation and a chronic inflammatory state that each contribute to adverse clinical outcomes in these populations. We measured RDW and plasma levels of B-type natriuretic peptide (BNP) and high-sensitive C-reactive protein (hs-CRP) in 226 consecutive patients undergoing cardiac catheterization for CAD (age, 67 ± 8 years; males, 77%; RDW, 45.8 ± 3.3 fL; hemoglobin, 13.2 ± 1.4 g/dL; BNP, median [interquartile range], 26.0 [9.0-58.4] pg/mL; hs-CRP, 679 [345-1920] ng/mL).
blood count, its clinical use is limited to narrowing the differential diagnosis of anemia. 1) A retrospective analysis of large clinical datasets has recently shown that higher RDW is associated with increased mortality independent of anemia in patients with heart failure 2) and those with coronary artery disease (CAD). 3) The mechanism underlying this association, however, is unknown.
Although overtly elevated RDW reflects increased red cell destruction (such as hemolysis), nutritional deficiency (iron, vitamin B12, or folate deficiency), or after blood transfusion, 1) patients with these conditions are generally excluded from the studies showing the prognostic association of RDW. 2, 3) Higher RDW within the normal range may result from ineffective erythropoiesis due to chronic inflammation. Inflammatory cytokines have been found to suppress the maturation of erythrocytes, allowing juvenile erythrocytes entering into circulation and leading to an increase in heterogeneity of the size. 4) Furthermore, higher RDW may reflect enhanced erythropoiesis resulting from elevated circulating levels of neurohumoral mediators. Experimental and clinical studies have reported an association between accelerated erythropoiesis and activation of neurohumoral states. [5] [6] [7] Enhanced erythropoiesis results in an increase in the heterogeneity of circulating erythrocytes. 8) Finally, there is increasing evidence that a chronic inflammatory state and neurohumoral activation each contribute to adverse clinical outcomes in patients with CAD [9] [10] [11] [12] and those with heart failure. [13] [14] [15] [16] Accordingly, we hypothesized that inflammatory and neurohumoral activation may be a mechanistic link between higher RDW and increased mortality in patients with CAD. To test our hypothesis, we examined the association of plasma levels of high-sensitive C-reactive protein (hs-CRP) and B-type natriuretic peptide (BNP) with RDW in patients who underwent cardiac catheterization for the evaluation of CAD.
Methods

Patients:
We studied 226 consecutive patients who underwent left-sided cardiac catheterization for the evaluation of CAD and left ventricular hemodynamics and simultaneously had blood drawn for measurements of plasma BNP and hs-CRP. All patients had symptoms suggestive of angina and/or clinical signs of CAD, including a positive exercise electrocardiogram, an abnormal myocardial perfusion scintigram, and a previous history of myocardial infarction or coronary revascularization. No patients with acute coronary syndrome, decompensated heart failure, atrial fibrillation, primary valvular diseases, idiopathic dilated or hypertrophic cardiomyopathy, congenital heart disease, renal failure Vol 50 No 3
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(serum creatinine > 2.0 mg/dL), severe hepatic diseases, or malignant neoplasms were included. A history of hypertension, diabetes, heart failure, myocardial infarction, and coronary revascularization and medication status were determined by review of medical records. All patients gave written informed consent to participate in the study, and this study was performed according to the regulations proposed by the Ethical Guidelines Committee of the Nagoya City University Graduate School of Medical Sciences. Cardiac catheterization: Before contrast material was injected into the left ventricle or coronary artery, left ventricular and aortic pressure waves were obtained with a catheter-tipped micromanometer (SPC-454D, Millar Instrument Company, Houston, Texas) and recorded on a polygraph system (RMC-2000, Nihon Kohden, Inc., Tokyo) and on a digital data recorder (NR-2000, Keyence, Osaka, Japan) as reported elsewhere. [17] [18] [19] From the recorded pressure waves, a time constant of decrease in left ventricular pressure (Tau) was determined by applying a monoexponential fitting with zero asymptote to the left ventricular pressure decay. 20) Left ventricular end-systolic and end-diastolic volumes were obtained from biplane left ventriculography by use of the method proposed by Chapman, et al 21) and were used for calculating the ejection fraction. These volumes were corrected for body surface area. Blood sampling and echocardiography: Venous blood samples for the assay of plasma BNP, hs-CRP, ferritin, and erythropoietin levels were collected from the right femoral vein at cardiac catheterization. Plasma levels of these biomarkers were measured with commercially available kits. Specifically, the BNP levels were measured with a specific immunoradiometric assay for human natriuretic peptides (Shionoria, Shionogi Co., Ltd., Osaka, Japan). The hs-CRP levels were measured by nephrelometric assay (SRL, Tokyo). The ferritin levels were measured using a chemiluminescent enzyme immune assay (SRL). The erythropoietin levels were measured by radioimmuno assay (SRL).
Within a week before the index cardiac catheterization for this study, complete blood count, blood chemistry, and echocardiograms were obtained for assessment of clinical features. Complete blood count was determined using a XE-2100 automated cell counter (Sysmex, Kobe, Japan) with standard calibration. The RDW was taken at the 20% relation height level, with the red cell histogram peak considered to be 100%. The red cell histogram crosses the 20% level twice. The distance between the two cross points was defined as RDW and was reported in femtoliters (fL; normal range, 39.0-51.5). The serum creatinine levels were determined by an enzymatic assay method (Kainos CRE-L kit, Kainos, Tokyo). Glomerular filtration rate was estimated by the Cockcroft-Gault formula. 22) Left ventricular mass was calculated from M-mode echocardiographic measurements (APLIO 80, Toshiba, Tokyo) 23) and was corrected for body sur-face area. Statistical analysis: We used the SAS program package (SAS Institute, Cary, NC) for all statistical analyses. Differences between groups were assessed by Student's t-test for normally distributed variables, by the Mann-Whitney U test for non-normally distributed variables, and by χ 2 test for categorical variables. The association between continuous variables was determined by Pearson's correlation analysis. Since BNP, hs-CRP, and ferritin values were not normally distributed, a logarithmic transformation was used. To determine the variables independently associated with RDW levels, stepwise multivariate linear regression, including variables that correlated significantly with RDW and those that showed significant differences between patients with higher and lower RDW values, was performed with P = 0.05 for the threshold for inclusion or exclusion of variables. To further assess the independent association of BNP with RDW, multivariate linear regression was performed by forcefully including gender and known hemodynamic determinants of BNP into the model. P < 0.05 was considered significant.
Results
Clinical features:
Clinical characteristics of all patients and patient subgroups are shown in Table I . Compared with patients with a below-median (< 44.9 fL) RDW value, those with an above-median (> 44.9 fL) RDW value were more likely to be older and to have a lower body mass index and glomerular filtration rate and higher lactate dehydrogenase and erythropoietin levels. There was no significant difference in serum iron or ferritin levels between the groups. Considering the potential influence of chronic inflammation on serum ferritin levels, we compared ferritin levels adjusted for hs-CRP levels and white blood cell count between groups. There was no significant difference in the adjusted mean levels of ferritin between patients with lower and higher RDW values (adjusted mean ± SE, 4.53 ± 0.08 versus 4.56 ± 0.08 ln [ng/mL], P = NS).
The use of medications did not affect RDW or hs-CRP levels. There were no significant differences in RDW levels between patients treated with and without angiotensin converting enzyme inhibitors or angiotensin receptor blockers (45.6 ± 3.3 versus 45.4 ± 3.2 fL, P = NS) or between patients treated with and without beta blockers (45.4 ± 3.2 versus 45.5 ± 3.3 fL, P = NS). There were no significant differences in hs-CRP levels between patients treated with and without aspirin (median [interquartile range], 667 versus 765 [404-1880] ng/mL, P = NS).
The hemodynamic variables of all patients and patient subgroups are shown in Table I . There were no significant differences in hemodynamic vari-Vol 50 No 3 
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ables between patients with below-median RDW values and those with abovemedian RDW values. Correlation of clinical and hemodynamic variables with RDW:
The correlation coefficients of clinical and hemodynamic variables with RDW are shown in Table II . Plasma BNP but not hs-CRP levels correlated significantly with RDW ( Figure) . When analyses were performed separately for males and females, BNP levels correlated significantly with RDW (correlation coefficients for males and females, 0.17 and 0.39, P < 0.05 and P < 0.01, respectively). In stepwise multivariate linear regression including age, body mass index, glomerular filtration rate, lactate dehydrogenase, and hemoglobin, RDW was predicted by BNP levels (r 2 = 0.047, P < 0.01) and age (r 2 = 0.032, P < 0.01; Table III ). Even when gender and known hemodynamic determinants of BNP levels, including left ventricular end-diastolic pressure and volume and a time constant of decrease in left ventricular pressure (Tau) were forcefully entered into the model, RDW was independently predicted by BNP levels (r 2 = 0.058, P < 0.001). Erythropoietin levels were available in 130 patients. Erythropoietin levels correlated significantly with RDW (r = 0.34, P < 0.01) but not with BNP levels (r = -0.028, P = NS). When erythropoietin was forcefully entered into the multivariate model listed in Table III , RDW was predicted by BNP (r 2 = 0.039, P < 0.05) and erythropoietin (r 2 = 0.116, P < 0.001) levels.
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Discussion
Major findings: In the present study, we hypothesized that a chronic inflammatory state and neurohumoral activation may be a mechanistic link between higher RDW and increased mortality in patients with CAD. To test our hypothesis, we examined the association of hs-CRP and BNP levels with RDW in patients undergoing cardiac catheterization for the evaluation of CAD. We observed that elevated BNP but not hs-CRP levels were associated with higher RDW and that the association of BNP levels with RDW was independent of potential confounders, including age, gender, renal function, body mass index, and hemoglobin levels, and also of known hemodynamic determinants of BNP levels including elevated left ventricular end-diastolic pressure and volume and slow left ventricular relaxation. Thus, we found that elevated BNP but not hs-CRP levels are independently associated with higher RDW in patients with CAD. These results indicate that neurohumoral activation but not a chronic inflammatory state may partially mediate the association between higher RDW and increased mortality in patients with CAD. Comparison with earlier studies: Two recent studies have shown that higher RDW is associated with increased mortality in patients with heart failure and those with CAD. 2, 3) Specifically, in the CHARM (Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity) trial including 2679 heart failure patients, among routine biochemical and hematologic measures, higher RDW showed the greatest association with morbidity and mortality (adjusted hazard ratio, 1.17 per 1-SD increase, P < 0.001). 2) Similarly, a graded independent relation between higher levels of RDW and the risk of death and cardiovascular events was found in the CARE (Cholesterol and Recurrent Events) trial that included 4111 stable CAD patients without heart failure; patients with RDW in the highest quartile had an adjusted hazard ratio for death of 1.78 (95% CI, 1.28-2.47), compared with those in the lowest quartile. 3) Although these studies reported clinical variables associated with higher RDW, including age, reduced body mass index, anemia, and renal dysfunction, they did not examine neurohumoral and inflammatory correlates of RDW. The present study confirms clinical correlates of RDW found in earlier studies 3) and further demonstrates that elevated BNP but not hs-CRP levels were associated with RDW in CAD Vol 50 No 3
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patients independent of potential confounders including known hemodynamic determinants of elevated BNP levels. Possible mechanisms: When considering possible mechanisms for our observations, it may be useful to look over the pathophysiological background of higher RDW and BNP levels. RDW is a quantitative measure of the variability in size of circulating erythrocytes and higher values reflect a more heterogeneous cell population. Although overtly elevated RDW reflects increased red cell destruction, nutritional deficiency, or after blood transfusion, 1) most of our patients had normal RDW values. Thus, higher RDW in the present study may be due either to (1) ineffective erythropoiesis resulting from chronic inflammation 4) or to (2) enhanced erythropoiesis stimulated by increased production of erythropoietin. 8, 24) Our observations that elevated levels of erythropoietin but not hs-CRP were associated with higher RDW indicate that the latter is a likely cause of higher RDW in our patients. Although BNP is produced mainly by the ventricle in response to an increase in wall stretch and exerts natriuretic and vasodilatory properties, a variety of vasoconstrictive neurohormones including angiotensin II and norepinephrine have been found to directly enhance BNP secretion. 25) Furthermore, these neurohormones have been reported to stimulate erythropoiesis by increasing erythropoietin production. 6, 7) From these aspects, enhanced erythropoiesis due probably to activated renin-angiotensin and sympathetic nervous systems may explain our observed association of elevated BNP levels with higher RDW. Thus, higher RDW in CAD patients may reflect the presence of neurohumoral and endocrine activation.
In the present study, however, the use of beta-blockers, angiotensin converting enzyme inhibitors, or angiotensin receptor blockers was not associated with lower RDW. Nevertheless, given the cross-sectional nature of the present study, prospective studies are warranted to examine the effect of neurohumoral blockade on RDW in CAD patients with higher RDW.
Although chronic inflammation has been hypothesized as a possible mechanism underlying the association between higher RDW and increased mortality in cardiac patients, 2, 3) the present study is unlikely to support the hypothesis, at least in patients with stable CAD. Nevertheless, the contribution of pro-inflammatory cytokines, including tumor necrosis factor and interleukin-6, as well as oxidative stress, to higher RDW in patients with CAD and those with heart failure merits further investigation.
Consistent with earlier studies, 3) we observed that age was associated with increased RDW. Furthermore, the association was independent of potential confounders including renal function and serum hemoglobin and erythropoietin levels, suggesting the direct impact of age on erythropoietic activity. Limitations: There are several limitations in the present study. First, our study patients were composed of stable CAD patients without overt heart failure symptoms. Our findings cannot be generalized to other populations. Second, although the correlation between BNP and RDW was statistically significant, the variability in RDW explained by the variability of BNP was modest. It should be emphasized that plasma BNP level is only one out of many determinants of RDW in CAD patients. Furthermore, a direct cause-effect relation could not be verified because of the cross-sectional nature of the present study. Third, although we speculate that the association of elevated BNP levels with higher RDW in CAD patients may result from enhanced erythropoiesis due to activated renin-angiotensin and sympathetic nervous systems, we did not measure plasma levels of angiotensin II or norepinephrine in our patients. Fourth, reticulocyte count and vitamin B12 and folate levels were not measured. However, our observations that only a small fraction of patients (n = 27 [12%]) had increased (> 100 fL) red cell mean corpuscular volume and that all of these patients had a red cell mean corpuscular volume of 110 fL or less make it unlikely that deficiency of these vitamins was a major cause of increased RDW in our patients. Finally, we do not have data on partial pressure of arterial oxygen or arterial oxygen saturation in our patients. Hypoxia stimulates erythropoietin production in the kidneys and increases its circulating plasma levels, resulting in enhanced erythroid proliferation in the bone marrow. The hypoxia-induced activated erythropoiesis may increase the heterogeneity of circulating erythrocytes, thereby increasing RDW. Furthermore, hypoxia may directly stimulate BNP secretion in cardiac myocytes. 26) Thus, it is possible that our observed association of elevated BNP levels with increased RDW may be mediated by hypoxia. However, all of our patients were in stable condition and patients with decompensated heart failure were not included in the present study, making the possibility less likely. Clinical implications: Given that elevated RDW and BNP levels are both predictive of adverse clinical outcomes in CAD patients, our findings may have implications for patient evaluation. Studies have shown that elevated plasma levels of BNP and N-terminal pro-BNP are associated with adverse prognosis in CAD patients. [9] [10] [11] [12] Routine or serial BNP measurements in these patients, however, are hampered by its cost. In contrast, RDW is routinely reported as part of the complete blood count and its measurement requires no additional cost. Our findings suggest that RDW measurement in CAD patients may identify a high-risk subgroup that warrants evaluation of neurohumoral status.
